One sentence summary: The antagonistic activity of P. aeruginosa and B. stratosphericus suggests their potential application as promising bio-control agents for controlling bacterial pathogens of agricultural plants.
INTRODUCTION
Plant pathogenic bacteria are responsible for major global losses in agricultural crop production. More than 100 bacterial species have been recognized as plant pathogens, including significant bacterial genera such as Burkholderia, Xanthomonas, Pseudomonas, Ralstonia and Pectobacterium (Rico, Jones and Preston 2009) . Bacterial pathogens produce enzymes and toxic metabolites that attack host plant parts (seedling, root, shoot, leaves and fruit) in the anthesis stage and ultimately destroy the whole plant (Islam et al. 2016) . The bacterial pathogenic infection and symptoms may vary depending on photoperiod, temperature, plant variety and humidity (Zhou-qi et al. 2016) . Intensive application of chemical agents to control plant pathogens can be hazardous and it was recently reported that farmers are routinely using banned pesticides (Zalila-Kolsi et al. 2016; Quansah et al. 2016) .
The most common alternative approach for control of pathogens is the use of biological control agents developed from antagonistic microorganisms. Farmers are interested in biological control products since naturally occurring nonpathogenic microorganisms have been shown to inhibit several bacterial and fungal plant pathogens (Xue et al. 2013) . Antagonistic organisms often produce secondary metabolites with antibiotic potency and can also promote plant growth (Herrera et al. 2016) . Antagonistic bacteria explored to date have been mostly isolated from rhizosphere soils and include species of Bacillus, Streptomyces and Pseudomonas (Xue et al. 2013) . These antagonistic bacterial species are mostly considered safe and can synthesize beneficial substances (Stein 2005) . There are a range of bacterial species that has shown good plant protection effects that belong to species that are not considered safe since the same species contains strains that are human pathogens. Thus, some Burkholderia species with potential plant biocontrol activity are not considered safe since they can infect cystic fibrosis patients and Pseudomonas aeruginosa should not for the same reason be considered safe as a species without extensive studies. Mechanisms of growth promotion and plant health protection include indoleacetic acid production, phosphate solubilization, nitrogen fixation and production of hydrolytic enzymes and antibiotics. Streptomyces corchorusii strain UCR3-16 (Tamreihao et al. 2016) , Streptomyces hydrogenans strain DH16 (Kaur et al. 2016) , Bacillus subtilis strain BLB277, BN1 (Singh et al. 2008) , Bacillus amyloliquefaciens strain BLB369, paenibacillus polymyxa strain BLB267 (Senthilkumar et al. 2009 ), Streptomyces OE7 stain (Baz et al. 2012) , Streptomyces rochei, streptomyces lydicus, Streptomyces antibioticus (Sahin 2005) , Streptomyces coralus 63 (Shahidi Bonjar et al. 2006) , Bacillus subtilis (Gajbhiye et al. 2010) and Bacillus amyloliquefaciens strain 32a (Ben Abdallah, Frikha Gargouri and Tounsi 2015) , and several others have been shown to act as biocontrol agents by suppressing plant bacterial pathogens. Tomato plants are an important crop globally and have been widely used as a model for fruit development (Schwarz, Thompson and Klaring 2014) . Tomato plant has more interesting features such as fleshy fruit, a sympodial shoot and compound leaves, which other model plants (e.g. Oryza sativa and Arabidopsis) do not have and are easily cultivated in a greenhouse environment. Molecular mechanisms have also been well studied in tomatoes.
The present study aimed to investigate some bacterial strains isolated from South Korean mine soil that have broad spectrum antagonistic activity against various bacterial phytopathogens. Initially, we isolated and identified P. aeruginosa and Bacillus stratosphericus as potent antagonistic bacterial strains among various isolated bacteria. The antagonistic ability of the strains was tested in different enrichment media (pH, carbon and nitrogen sources). We then evaluated the effects of potent strains on the growth of tomato plants and quantified defense-related gene expression.
MATERIALS AND METHODS

Sample collection and isolation of bacteria
Soil samples were randomly collected from zinc-contaminated mine tailings in South Korea. All samples were carefully collected by scraping the soil surface with a sterile scoop and were transferred to the laboratory in sterilized polyethylene bags in an icebox. One gram of each soil sample was suspended in 99 ml of sterile distilled water to obtain an appropriate (10 -1 -10 −5 ) dilution and plated on Luria-Bertani (LB) agar medium (low salt concentration, 5% w/v; Difco Laboratories, Detroit, MI, USA) using the pour plate technique. The Petri dishes were incubated at 30
• C for 48 h, resultant colonies were sub-cultured, and single colonies were isolated based on morphological differences. The isolated bacterial strains were stored in LB broth containing 15% glycerol at -70 • C for further study. 
Bacterial plant pathogens
Screening of potent antagonistic bacteria
All the strains isolated from zinc-contaminated mine soil samples were screened against plant bacterial pathogens by the cross-streak technique. The cross-streak culture was inoculated into LB agar and incubated at 30
• C for 48 h. Potential antagonistic bacteria were confirmed as P. aeruginosa (D4) and B. stratosphericus (FW3) by inhibition of plant bacterial pathogens and maintained in 15% glycerol at -70 • C for further study.
Molecular characterization of potential strains
Molecular characterization of potent strains P. aeruginosa (LT745896) and B. stratosphericus (LT745897) was performed at the Cosmo Genetech Laboratory, South Korea, by 16S rRNA gene sequencing according to the method of Zhang et al. (2000) . Strain sequences were compared with the National Center for Biotechnology Information (NCBI) database using the BlastN search program, and the closest matched species were identified. Neighbor-joining trees were constructed using Kimura 2-parameter models, and the reliability of the phylogenetic trees was evaluated through bootstrap analysis with 1000 resamplings using a p-distance model (Saitou and Nei 1987) .
Optimization of growth conditions for antagonistic activity of potent strains
The screened antagonistic bacterial strains were inoculated into LB broth lacking nitrogen and carbon sources, enriched with different compositions of nutrients (carbon and nitrogen) at different pH levels (5, 6, 7, 8 and 9 adjusted with 1N NaOH and 1N HCL), and incubated at 30
• C for 24 h. After incubation, the potent strains were screened against plant pathogens by the disc diffusion technique at optimized pH levels and carbon and nitrogen sources. The strains were then cultured at concentrations of 0.1, 0.15, 0.2, 0.25 and 0.3 g (with optimized carbon and nitrogen sources and pH) and the zone of inhibition (ZoI) was measured.
Determination of biocatalyst activity in potent strains
Protease production Protease activity was determined by the method of Sokol, Ohman and Iglewski (1979) with minor modification. The potent strains were inoculated into LB agar medium containing 3% skim milk powder and incubated at 28
• C for 72 h. After incubation, a clear zone was observed around the bacteria, indicating production of protease.
Cellulose activity
Cellulose activity was determined as described by Teather and Wood (1982) were flooded with 0.1% Congo red for 20 min and then with 1M NaCl for 20 min. After staining, plates were observed for zone formation around the test strains as an indication of cellulose production.
Chitinase activity
Chitinase activity was measured as described by Hsu and Lockwood (1975) in colloidal chitin agar medium (0.7 g K 2 HPO 4 , 0.3 g KH 2 PO 4 , 0.5 g MgSO 4 ·5H 2 O, 0.01 g FeSO 4 ·7H 2 O, 0.001 g ZnSO 4 , 0.001 g MnCl 2 , 15 g agar and 0.5 g colloidal chitin in 1 L distilled water). The colloidal chitin was prepared by grinding 8 g of chitin to a powder and adding slowly to 100 ml of concentrated HCl with constant stirring at 4
• C for 1 h. The hydrolyzed chitin was washed in distilled water until pH was 6 or 7 and the resulting colloidal chitin was stored as a paste at 4
• C. The respective potent P. aeruginosa and B. stratosphericus strains were inoculated into colloidal chitin agar and incubated for 72 h at 25
• C for development of a clear zone indicative of chitinase production.
Amylase activity
Amylase activity was determined according to Hankin and Anagnostakis (1975) in Tryptic Soy Agar (TSA) medium containing 1% starch. After incubation at 30
• C, 5 ml of 1% iodine solution (prepared 24 h earlier; 6 g potassium iodide was mixed with 200 ml of sterile distilled water, 3 g iodine crystals were added, and the solution volume adjusted to 1 L) was added to flood the plates. The amylase production was confirmed by the appearance of clear zone around the colony.
Determination of phosphate solubilization
Phosphate solubilization was measured according to the method of Nautiyal (1999) Determination of siderophore production Siderophore production was measured in modified Chrome azurol S (CAS) agar medium prepared as described by Schwyn and Neilands (1987) . CAS (60.5 mg) was dissolved in 50 ml distilled water and mixed with 10 ml iron (III) solution (1.62 mg FeCl 3 ·6H 2 O, 10 mM HCl). This solution was slowly mixed with 72.9 mg hexadecyltrimethylammonium bromide dissolved in 40 ml distilled water to form a dark blue solution that was then sterilized by autoclaving. A mix of 75 ml distilled water, 10 ml MM9 salt stock solution (30 g KH 2 PO 4 , 50 g NaCl and 100 g NH 4 Cl in 1 L distilled water), 1.2 g agar, 3.23 g PIPES and 12 g of NaOH solution, with pH adjusted to 6.8, was autoclaved. After cooling to 50 • C, 10 ml blue dye, 3 ml 10% Casamino acid solution, and 10 ml 20% glucose as a carbon source were slowly added along the glass wall, with sufficient agitation to mix thoroughly. The potent strains P. aeruginosa and B. stratosphericus (16-h cultures) were added to a modified CAS agar plate containing plant pathogenic bacteria by the disc diffusion technique and incubated at 25
• C for 72 h. Formation of a yellow halo around colonies confirmed siderophore production.
Growth of tomato plants treated with potent strains
Tomato plant seeds (World Seed, South Korea) were surface sterilized according to the method of Tamreihao et al. (2016) . The seeds were germinated in water agar medium (8 g agar/L) and incubated for 6-7 d. The germinated plants were transferred to pots, and the experiment was performed in a controlled environment chamber with temperature maintained at 25
• C and a 16-h light and 8-h dark photoperiod. The overnight culture was centrifuged at 3000 rpm for 10 min, and the pellet was washed with 10 mM MgCl 2 solution, followed by adjustment to different concentrations (OD 600 0.1 and 0.2) in a suspension of MgCl 2 solution using a PerkinElmer UV-Vis spectrophotometer. A suspension of the bacteria at the optimized concentration was sprayed on the leaves of 20-d-old plants.
Expression of defense-related genes by quantitative real-time polymerase chain reaction analysis
Plants sprayed with potent strains were examined for expression of defense-related genes (CAC, PAL and PR-1a) by quantitative real-time PCR (qPCR). The leaves were collected and homogenized using liquid nitrogen for total RNA extraction according to the TRI reagent method (Nagendran and Lee 2015) . The quantity of total RNA was determined with a Nano Drop microvolume spectrophotometer (Shimadzu, BioSpec-Nano). Total RNA was used for cDNA synthesis with a Prime script RT Reagent kit (Takara, Japan) according to the manufacturer's instructions. The expression of defense-related genes was assessed using a Bio Rad Real-Time System with Rao et al.; Nagendran and Lee (2015) . Melting curve analysis was performed to confirm the specificity of each primer for amplification, and a control experiment was performed under the same conditions. According to Dai et al. 2017 , the raw C t values of each gene without data conversion was assessed through numerous pairwise variation of gene stability using Bestkeeper software application. Using GeNorm and NormFinder, it is important to convert Ct values into relative quantities using the formula 2 − Ct , Ct = the corresponding Ct value-minimum Ct. All experiments were performed in triplicate.
RESULTS
Screening and identification of potent bacterial strains
Among 300 bacterial strains screened, two were identified as potent strains that inhibited five plant pathogenic bacterial strains (B. glumae (Ham, Melanson and Rush 2011) , X. oxyzae (Mansfield et al. 2012) , P. syringae (Uppalapati et al. 2008) , P. carotovorum (Fiori and Schiaffino 2004) and R. solanacearum (Davidsson et al. 2013) using the cross-streak method (Lamichhane and Venturi 2015).
The isolated potent strains were identified based on 16S rRNA gene sequencing and named P. aeruginosa strain D4 and B. stratosphericus strain FW3. The sequences were aligned by basic local alignment search tool (BLAST) analysis with similar strains downloaded from the EzTaxon-database. The results obtained from a BLAST search of the gene sequence of potent strains confirmed identify with 99-100% coverage similarity, and a phylogenetic tree was constructed based on the neighbor-joining method with a Kimura 2-parameter model using Mega 6 software. Phylogenetic trees of potent strains (Fig. 1a and b) were separated based on high bootstrap values. Sequenced genes of the two strains were identified as 1389 bp and 1372 bp in length and exhibited 100% and 99% similarity with genes of P. aeruginosa and B. stratosphericus, respectively. The P. aeruginosa and B. stratosphericus sequences have been submitted to the gene bank database and accession numbers are LT745896 and LT745897, respectively. Compared with the control plate by the cross-streak method, P. aeruginosa greatly inhibited B. glumae and X. oxyzae pathogens compared to other pathogens, and B. stratosphericus inhibited only the P. syringae pathogen (Table 1) . These two potent strains were the most active among several strains obtained from the mine soil. An inhibition optimization study showed that pH and carbon and nitrogen sources play a major role in both enzyme production and antagonistic activity (Aarthi et al. 2016; Rao, Raju and Ravisankar 2016) .
Optimization for enhanced antagonistic activity pH
The antibacterial activity of potent organisms was dependent on pH. Figure 2a and b show a maximum ZoI at pH 7-8, with smaller zones of inhibition at pH 5, 6 and 9. The optimum B. glumae 3 ± 0.27 6 ± 0.24 1 ± 0.21 13 ± 0.27 X. oxyzae 3 ± 0.29 6 ± 0.34 1 ± 0.30 10 ± 0.29 P. syringae 1 ± 0.37 10 ± 0.49 4 ± 0.49 10 ± 0.54 P. carotovorum 2 ± 0.12 9 ± 0.32 1 ± 0.29 11 ± 0.06 R. solanacearum 1 ± 0.42 9 ± 0.22 1 ± 0.17 10 ± 0.29 pH was 8 for P. aeruginosa and 7 for B. stratosphericus (Fig. 2b  insert) .
Carbon source
The D4 and FW3 strains were treated with 0.1 g of four different carbon sources and tested for ZoI against five plant pathogenic bacteria. Figure 2c and d depict the ZoI for P. aeruginosa and B. stratosphericus against the plant pathogens. Among the carbon sources tested, lactose and starch (Fig. 3d insert) showed the maximum ZoI for P. aeruginosa and B. stratosphericus, respectively.
Nitrogen source
We also tested the effects of glycine, peptone, ammonium nitrate and ammonium chloride nitrogen sources (0.1 g) on antagonistic activity of the potent organisms. Ammonium chloride, peptone and ammonium nitrate were most effective in increasing the ZoI against pathogens ( Fig. 2e and f) . Ammonium chloride enhanced the activity of P. aeruginosa most effectively while peptone and ammonium nitrate were most effective for B. stratosphericus. The insert in Fig. 2f shows the effective ZoI for the optimum nitrogen source.
Concentration of carbon and nitrogen sources
Pseudomonas aeruginosa and B. stratosphericus were evaluated for antagonistic activity at different concentrations of carbon and nitrogen sources under optimized pH conditions. Figure 2g shows that P. aeruginosa grown in lactose and ammonium chloride at different concentrations at optimized pH 8 inhibited the plant pathogens. Similarly, the B. stratosphericus strain grown with different doses of starch, peptone and ammonium nitrate at optimized pH 7 was tested for inhibition of pathogens (Fig. 2h) . Dose levels were optimized for both strains based on ZoI. The insets of Fig. 2g and h show that the optimum concentration was 0.1 g for P. aeruginosa (lactose and ammonium chloride) and 0.2 g for B. stratosphericus (starch, peptone and ammonium nitrate).
Biocatalytic activity
Pseudomonas aeruginosa and B. stratosphericus were tested for secondary metabolite production associated with antibacterial activity, including chitinase, protease and cellulose, on LB plates containing colloidal chitin, skim milk and CMC. Figure 3a shows these potent strains can decompose chitin and have high proteolytic activity and amylase activity, but no cellulose activity was found. Additionally, siderophore production and solubilization of insoluble phosphate were also determined by clear zone formation around the test strains (Fig. 3b) .
Defense-related gene expression in plants treated with potent strains
The qRT-PCR results showed significant upregulation of the PRla gene 12 h after treating tomato leaves with P. aeruginosa at a concentration of 0.2 OD 600 or B. stratosphericus at a concentration of 0.1 OD 600, compared to the control. Phenylalanine ammonia lyase (PAL) is the key enzyme involved in synthesis of salicylic acid (SA), and numerous studies have provided evidence that PAL plays a vital role in the SAdependent defense mechanism (Pallas et al. 1996; Smith-Becker et al. 1998) . In the present study, expression of PAL was monitored in tomato plants exposed to D4 (OD 600 0.1, 0.2) and FW3 (OD 600 0.1, 0.2) for 6, 12 and 24 h. Plant leaves treated for 24 h with P. aeruginosa D4 and B. stratosphericus FW3 at respective concentrations of OD 600 0.2 and 0.1 showed significant upregulation of the PAL gene (Fig. 4b) . Stover et al. (2000) , Adesemoye, Obini and Ugoji (2008) and Gricajeva, Bendikiene and Kalediene (2016) previously reported that P. aeruginosa and B. stratosphericus produced a variety of antimicrobial substances and were applicable for bioremediation processes. An optimum pH (7-8 in the present study) promotes cell growth and pH plays a key role in enzyme production (Kumar, Dubey and Maheshwari 2012; Kuddus and Ahmad 2013; Passari et al. 2016) for enhanced antagonistic activity. Earlier studies reported that near-neutral pH is suitable for the production of antagonistic substances (Shanmugaiah et al. 2008) . The P. aeruginosa and B. stratosphericus strains were greatly influenced by nutritional factors. This finding is consistent with earlier reports for B. megaterium NB-3, B. subtilis NB-6, B. circulans NB-7 and B. cepacia strains showing that the production of antibacterial and antifungal substances and secondary metabolites in potent organisms was greatly influenced by carbon source (ElBanna 2005; El-Banna 2006; El-Banna and Qaddoumi 2016) .
DISCUSSION
Aside from supporting growth of the organism, nitrogen source strongly influences antifungal activity and metabolic production of antimicrobial substances by antagonistic bacterial strains (El-Banna and Qaddoumi 2016). Nitrogen source differentially affected the activity of P. aeruginosa (ammonium chloride) and B. stratosphericus (peptone and ammonium nitrate). Previous research shows that nitrogen source influenced the production of antimicrobial substances by B. cereus, B. circulans and B. megaterium (El-Banna and Qaddoumi 2007).
Many antagonistic bacteria, including B. atrophaeus, B. amyloliquefaciens and B. atrophaeus, produce lytic enzymes such as chitinase and proteases and cellulases, and it is postulated that this domain serves for chitin binding and exhibit enhanced siderophore production and phosphate solubilization that promote plant growth (Han et al. 2015) . Pathogens employ a variety of strategies to evade, escape and survive in host plants, but bacterially produced enzymes are a well-timed defense that inhibits the pathogens (Rooijakkers and van Strijp 2007) and helps decompose organic matter and promote plant growth (Passari et al. 2016) . To support our findings, earlier studies suggest that phosphate-solubilizing and siderophore-producing Pseudomonas spp, Bacillus megaterium var phosphaticum, Pseudomonas fluorescens, Colletotrichum acutatum and C. gloeosporioides have showed antagonistic activity against several phytopathogens (Elad and Baker 1985; Sundara, Natarajan and Hari 2002; Dey et al. 2004; Han et al. 2015) .
The cycle threshold (C t ) values of the untreated tomato plants were normalized using the 2-CT method. It has been reported that the acidic and basic forms of chitinase in tomato plants are regulated differently (Van Kan et al. 1995) . The 26-kDa chitinase is induced by SA, whereas the basic 30-kDa chitinase is induced by ethephon, an ethylene-releasing compound. Systemic acquired resistance (SAR) induces specific gene expression, which plays a significant role in defense, antioxidant mechanisms and in regulating the ethylene signaling pathway in plants. Previous studies indicate that SA, a secondary metabolite of plants, is significantly involved in SAR (Chen et al. 1994) . PR-1a is considered the hallmark gene for the SA-dependent pathway in SAR (Durner, Shah and Klessig 1997) . Our results showed that topical application of P. aeruginosa and B. stratosphericus to tomato plants significantly induced expression of the specific defense gene PR-1a. Induced systemic expression of PR-1a in leaves of tomato plants treated with P. aeruginosa and B. stratosphericus at 12 h was confirmed by qRT-PCR CT values. These results demonstrate that P. aeruginosa and B. stratosphericus stimulate the SA defense mechanism against infecting pathogens. PAL plays a vital role in the production of the secondary metabolite phenylpropanoid by catalyzing deamination of phenylalanine. This results in the formation of trans-cinnamic acid, the common precursor for all other phenolic derivatives, and is therefore a highly important biochemical process in the development and defense mechanisms of plant systems such as SAR (Gayoso et al. 2010 ). Real-time expression studies showed tomato leaves treated with P. aeruginosa (OD 600 0.1) for 6 h exhibited a 32-fold increase in PAL expression compared to untreated leaves. Our preliminary examination supports stimulation of SAR by P. aeruginosa and B. stratosphericus through an SA-and PAL-dependent pathway.
CONCLUSION
Pseudomonas aeruginosa and B. stratosphericus strains isolated from a mine soil show promise for biopesticide development to control bacterial phytopathogens. Both strains are high producers of antibacterial compounds that were effective against five bacterial phytopathogens. They also produce protease, amylase and chitinase biocatalysts, along with enhanced siderophore production and phosphate solubilization that promote plant growth. Tomato plant leaves treated with P. aeruginosa D4 and B. stratosphericus FW3 showed significant upregulation of the PAL gene. Planned future studies will investigate the effect of P. aeruginosa and B. stratosphericus in greenhouse and field assays to test if bacterial applications can increase plant yield under conditions where pathogens are present.
